In this study, the role of Listeria monocytogenes ferritin was investigated. The fri gene encoding the ferritin was deleted and the phenotype of the mutant was analyzed demonstrating that ferritin is necessary for optimal growth in minimal medium in both presence and absence of iron, as well as after cold-and heat-shock. We also showed that ferritin provides protection against reactive oxygen species and is essential for full virulence of L. monocytogenes. A comparative proteomic analysis revealed an effect of the fri deletion on the levels of listeriolysin O and several stress proteins. Together, our study demonstrates that fri has multiple roles that contribute to Listeria virulence.
Introduction
Iron is an essential nutrient for most prokaryotes, including pathogenic bacteria. However, iron is highly insoluble at physiological pH in aerobic environments and can react with oxygen intermediates to produce deleterious free radicals. Bacteria have developed several mechanisms to acquire iron while maintaining it in a nontoxic state. These include secretion of siderophores for iron uptake and synthesis of ferritins for iron storage [1] . Three types of ferritins are produced by bacteria: dodecameric ferritins, tetracosameric ferritins and tetracosameric heme-containing bacterioferritins [2] . Dodecameric ferritins, including Dps (DNA-binding protein from starved cells) and Dps-like proteins, are formed of 12 identical subunits (20 kDa) assembling into a spherical shell which can accommodate approximately 500 iron atoms. Tetracosameric ferritins, found in both prokaryotes and eukaryotes, and bacterioferritins, only present in bacteria and having heme as a cofactor, are 24-mer spheric structures containing 2000-4500 iron atoms. Apart from their conserved function of iron binding and storage, some ferritins can protect against reactive oxygen species and iron overload, others can also bind and protect DNA [2] .
Listeria monocytogenes is a pathogenic Gram-positive bacillus widely distributed in the environment and encodes a single ferritin gene, fri [3] . L. monocytogenes ferritin is a major cold shock protein which is also strongly overexpressed after heat shock or chemical stress [4] [5] [6] . Ferritins from L. monocytogenes and the non-pathogenic bacterium L. innocua have 98% identity at the amino acid level [3] . L. innocua ferritin belongs to the dodecameric ferritin subfamily [7] ; however, it cannot bind DNA, probably because it lacks N-terminal lysine residues conserved in Dps proteins [7] . The expression of fri slightly increases upon entry into stationary phase of both L. innocua and L. monocytogenes [8] and is strongly induced in low iron medium [8] . Interestingly, major virulence factors of L. monocytogenes, such as listeriolysin O (LLO) and the protein responsible for actin-based motility ActA, are overproduced in low iron conditions, a signal mimicking that encountered in the host during the infectious process [9, 10] . Here, we inactivated fri to analyze the functions of the ferritin in L. monocytogenes.
Materials and methods

Bacterial strains and growth conditions
L. monocytogenes EGDe (BUG1600) and L. monocytogenes EGDe Dfri (BUG1962) strains were grown at 37°C in brain heart infusion (BHI) medium (Difco). When indicated, L. monocytogenes strains were grown in a chemically defined improved minimal medium (IMM) [11] . When required, chloramphenicol was added at 7 lg/ml and erythromycine at 5 lg/ml. Escherichia coli TOP10 strains were grown in Luria-Bertani (LB) medium (Difco) at 37°C. When required, antibiotics were included at the following concentrations: ampicillin, 100 lg/ml; kanamycin, 20 lg/ml.
For iron experiments, L. monocytogenes strains were first cultured for 24 h at 37°C in IMM containing 20 lg/ ml of FeSO 4 . These precultures were used to inoculate IMM containing 20 lg/ml of FeSO 4 or no iron at the initial OD 600 nm of 0.1 and cultures were incubated 24 h at 37°C. After centrifugation at 5000g for 2 min, bacterial pellets were washed twice in IMM and resuspended in IMM. Growth under various iron concentrations was measured with a Microbiology reader bioscreen (Labsystems) in sterile 100 well-microplates containing 300 ll of culture in each well. Experiments were performed at least twice and were repeated twice independently.
For cold-and heat-shock experiments, L. monocytogenes grown in BHI to stationary phase was used to inoculate BHI at an OD 600 nm of 0.1. Growth was monitored at 600 nm using a spectrophotometer. When OD 600 nm was between 0.3 and 0.5, cultures were transferred to a waterbath at 4, 8 or 45°C. Growth was monitored until stationary phase. Experiments were performed at least in duplicate and were repeated twice independently.
Mutagenesis
DNA extractions were performed as described by Archambaud et al. [12] . A 1002-bp DNA fragment containing the fri upstream sequence was generated by PCR using oligonucleotides U175 (5 0 -AAGGATCCAATC-ATATAAGCAATACC-3 0 ) and L176 (5 0 -AAACGCG-TTCCTCCTATTTTATAATG-3 0 ). The fragment was cloned into the BamHI/MluI-digested thermosensitive shuttle plasmid pMAD [13] , constructing pOD62. A 987-bp DNA fragment containing the fri downstream sequence was generated by PCR using oligonucleotides U177 (5 0 -AAACGCGTAGAGTAATAAAAACTGTG-3 0 ) and L178 (5 0 -AAAGATCTTGTAGCTATTACTT-TATC-3 0 ). The fragment was cloned into MluI/BglII-digested pOD62, constructing pOD64. To achieve allelic exchange, pOD64 was electroporated into L. monocytogenes EGDe at 2500 V, 200 X and 25 lF. Homologous recombinations and deletion of the target gene fri were carried out as described by Arnaud et al. [13] . Mutants were identified by PCR on colonies using oligonucleotides U189 (5 0 -AGATAAATAATGAGAAAATGG-3 0 ) and L190 (5 0 -ATGAAGATAATATACCTCTTTC-3 0 ). Deletion of the fri gene in the fri mutant strain (BUG1962) was verified by PCR and Southern blot.
Complementation
A 1.5-kbp DNA fragment containing the fri gene and its promoter was amplified by PCR using oligonucleotides U175 and L226 (5 0 -AACTGCAGGAATATTG-TACTATAACAG-3 0 ). The PCR product was digested with BamHI and PstI and cloned into the replicative plasmid pMK4 [14] , constructing pOD85. The plasmid pOD85 and pMK4 were electroporated in the fri mutant at 2500 V, 200 X and 25 lF, creating strains BUG2218 and BUG2219, respectively.
Determination of growth inhibition by zone diffusion assay
L. monocytogenes were grown in BHI at 37°C to OD 600 nm = 0.8. After spreading 500 ll of culture on BHI plates, sterile paper disks (diameter, 6 mm) were placed on the agar. Ten microliters of the following reagents were applied to each disk: 25 mM plumbagin (Sigma), 500 mM S-nitroso-N-acetyl-penicillamine (Sigma) and 500 mM diamide (Sigma). Diameter of the zone of growth inhibition was measured in mm after overnight incubation at 37°C.
Animal studies
L. monocytogenes growth in vivo was studied as reported elsewhere [12] . Briefly, 5 · 10 3 cfu were injected intravenously to 8-week-old specific pathogen-free female BALB/c mice (Charles River). At 24, 48 and 72 h after infection, liver, spleen and brain were dissected under aseptic conditions and the number of cfu was determined by plating serial dilutions of organ homogenates on BHI agar medium.
2.6. Two-dimensional gel electrophoresis (2-DE), identification of proteins by mass spectrometry and phosphoprotein gel staining L. monocytogenes strains were grown in BHI to stationary phase at 37°C. These precultures were used to inoculate BHI at an OD 600 nm of 0.1. Cultures were incubated at 37°C with shaking at 150 rpm during 24 h. Extraction of soluble proteins and 2-DE were carried out as previously described [15] . For each L. monocytogenes strain, at least four gels were analyzed for each pH gradient and from two independent bacterial cultures. After image analysis and comparison, only spots detected in all the gels but one or in all the gels were taken into account. Proteins separated by 2-DE and stained with Coomassie blue were excised from the gel and identified by mass spectrometry as described by Folio et al. [15] . Detection of phosphoproteins using Pro-Q Diamond detection kit (Molecular Probes) was performed according to the manufacturerÕs recommendations.
Results
Growth of the L. monocytogenes fri deletion mutant is affected in both high iron and low iron minimal media
The fri gene of L. monocytogenes (lmo0943) was inactivated by allelic exchange using the thermosensitive plasmid pMAD [13] . The wild-type fri mutant strains, had identical growth characteristics in BHI at 37°C (data not shown). In minimal medium (IMM), the fri mutant showed an increased lag phase (16.9 ± 1.7 h) compared to that of the wild-type strain (6.3 ± 1.2 h) independently of the iron concentration ( Fig. 1) , suggesting that Fri is important for adaptation to nutritional stress. The fri mutant reached a lower optical density than the wild-type strain when grown in presence of 1 lg/ml iron or more (Fig. 1) . In absence of iron, the wild-type and mutant strains reached the same optical density. The fri mutant had a shorter doubling time than the wild-type strain when grown in iron-free IMM and IMM containing 0.5 lg/ml iron (Fig. 1) . The wildtype strain reached a lower optical density and had a higher doubling time after preculture in iron-free IMM compared to preculture in IMM with iron ( Fig. 1) . In contrast, growth of the fri mutant was not affected by the conditions of preculture. These results indicate that Fri is able to store and restore iron taken up from iron-rich medium to promote maximal growth in ironlimited medium.
Growth of the L. monocytogenes fri deletion mutant is affected by heat and cold stresses
To investigate the protective effect of Fri independently of its role in iron storage, growth of the wild-type and fri mutant strains was measured after temperature shifts to 4, 8 or 45°C. Both strains had a similar growth after a shift to 8°C (Fig. 2) . The mutant strain could not reach wild-type maximal optical density at 4 and 45°C in BHI medium, which suggests that ferritin is important for full resistance to heat and cold shocks.
The L. monocytogenes fri deletion mutant is hypersensitive to oxidative stress
Since bacterial response to heat shock overlaps other stress responses, we tested the hypothesis of a role for Fri in response to other stresses. The sensitivity of the wild-type and fri mutant strains to plumbagin, a superoxide-generating agent [16] , was determined using a disk diffusion assay. The sensitivity of the wild-type strain (6.25 ± 0.50 mm) was significantly lower (p < 0.0001) than that of the fri mutant strain (11.50 ± 0.58 mm). Complementation of the mutant strain with the fri gene restored wild-type sensitivity to plumbagin (6.25 ± 0.50 mm). Transformation of the fri mutant with the vector alone did not change its sensitivity significantly (11.75 ± 0.50 mm). These results indicate that Fri protects L. monocytogenes against superoxide-induced damage. Using the same disk diffusion assay, the mutant and wild-type strains showed similar sensitivities to S-nitroso-N-acetyl-penicillamine, a NO-generating agent, and to diamide, a sulfhydryl-oxidizing agent (data not shown).
L. monocytogenes Fri is required for virulence in mice
The survival of wild-type and fri mutant strains was determined in BALB/c mice after intravenous injection of a sublethal number of bacteria. As soon as 48 h post-infection, there was approximately 10 times fewer mutant bacteria than wild-type bacteria in the spleen (Fig. 3) . Approximately 100 times fewer mutant bacteria were recovered from the liver 48 h post-infection. A similar control of the multiplication of the mutant strain was observed at 72 h post-infection in both spleen and liver. In the brain, the multiplication of the fri mutant was slightly impaired compared to that of the wild-type strain at 48 h (<1 log). At 72 h, the mutant was cleared whereas 10 4 wild-type L. monocytogenes were recovered from the brain. These results suggest that Fri contributes to virulence of L. monocytogenes.
3.5. Inactivation of L. monocytogenes fri affects production of the major virulence factor LLO and of multiple stress proteins Protein expression patterns of L. monocytogenes wild-type and fri mutant strains grown in BHI at 37°C were analyzed by 2-DE. Forty two protein spots were differentially expressed by the wild-type and fri mutant strains (Fig. 4) , and 26 spots corresponding to 15 different proteins could be identified (Table 1) . Among these, 4 proteins were produced at lower level and 11 proteins to higher level in the fri mutant compared to the wild-type strain. The different spots corresponding to Fri [15] , were not detected in the mutant strain. As already observed, LLO migrated as several spots [15] . Interestingly, one of the 3 spots of LLO, was produced to lower level in the mutant (spot 4a, Fig. 4) . In order to investigate whether the different spots of LLO could correspond to various levels of phosphorylation, crude protein extracts of the wild-type and fri mutant strains were submitted to 
SDS-PAGE. Phosphorylation of LLO could not be detected by Pro-Q gel staining (data not shown).
Out of the 13 remaining differentially expressed proteins, 6 were related to stress response. Two of them were expressed to a lower level by the mutant, i.e., the catabolite control protein A CcpA (Lmo1599) and a homolog of the stress protein OsmC (Lmo2199). The four proteins related to stress overexpressed in the mutant were the sigma B regulator RsbW (Lmo0894), the pyridoxine biosynthesis protein Lmo2101, the stress protein GSP26 homolog Lmo2748 and the mannose specific phosphotransferase system component IIB protein Lmo0783. The 7 other proteins produced at higher levels in the mutant were the deoxyribose-phosphate aldolase Dra (Lmo1995), the succinate semialdehyde dehydrogenase Lmo0913, the short chain alcohol dehydrogenase Lmo1830, the putative NAD-dependent dehydrogenase Lmo0794, the putative reductase Lmo2391 and the proteins of unknown function Lmo1468 and Lmo0796. Table 1 . 
Discussion
In this study, analysis of a fri deletion mutant provided evidence that L. monocytogenes ferritin promotes adaptation to nutritional and thermal shifts, protects from oxidative damage, and contributes to virulence.
Although the molecular mechanism of iron uptake is largely unknown in L. monocytogenes, it has been proposed that bacteria could bind heterologous siderophores, transferrin, ferric citrate or catecholamines, and could then use ferrous iron released from these iron sources after a step of reduction by a ferric reductase [17] [18] [19] [20] . Genome analysis revealed that L. monocytogenes EGDe could encode several proteins involved in iron metabolism including putative ferrichrome-binding proteins, ferrichrome transport permeases, a ferrous iron transport protein, a ferric citrate transport permease and a protein of the dodecameric ferritin family [3] . This latter protein is encoded by fri.
In presence of iron in minimal medium, our fri mutant reached a lower bacterial density than the wild-type EGDe strain. It is most likely that iron sequestration in Fri prevents iron toxicity. In L. innocua ferritin, reactive ferrous iron is first oxidized to its ferric form and mineralized as insoluble ferrihydrite [21] . Ferroxidation in L. innocua dodecameric ferritin has recently been demonstrated to play a critical role in decreasing the production of hydroxyl radical OH Å by the Fenton reaction and in DNA protection from oxidative damage [21, 22] . Preculture of bacteria with iron allowed improved growth of the wild-type EGDe strain in conditions of iron restriction, while it had only minor effects on the growth of the fri mutant. It has been shown that iron storage in L. innocua dodecameric ferritin increases when the iron concentration of the medium increases [8] . Together, these observations suggest that iron stored in the ferritin can be released to support growth under condition of low iron availability.
The hypersensitivity of the L. monocytogenes fri mutant to oxidative stress and to a lower extent to thermal shock provided other evidence of the protective role of ferritin against stresses. All three types of bacterial ferritins have been shown to protect against oxidative stress in various species [2] . In dodecameric ferritins, protection against reactive oxygen species mediated toxicity is provided by both DNA-binding ferritins [23] [24] [25] [26] , and those which do not bind DNA [27] [28] [29] [30] [31] . Dodecameric ferritins detoxify oxidative agents chemically through their iron-binding property and ferroxidase activity and, for those that can bind DNA like Dps, physically by forming nonspecific stable nucleoproteic complexes with the chromosome called biocrystals [23, 32] . L. monocytogenes ferritin has not been reported to bind DNA and L. innocua ferritin, its closest orthologue, failed to bind DNA [7] . Therefore, one can hypothesize that the protective role of L. monocytogenes ferritin against multiple stresses is mainly related to its iron-binding activity.
Another role of Fri could be indirect regulation of expression and/or stability of protein involved in stress adaptation. When the proteomes of the wild-type and fri mutant strains were compared, 15 proteins were found to be expressed differently and identified. Interestingly, several of the differentially expressed proteins are involved in stress response or virulence. CcpA, a central mediator of catabolite repression is under-expressed in the fri mutant. CcpA is overproducted after osmotic stress in L. monocytogenes [33] and cold shock in Lactococcus lactis [34] . Disruption of L. monocytogenes ccpA results in pleiotropic effects on growth but not in virulence [35] . Thus, the role of ferritin in virulence is probably not mediated by CcpA. The level of Lmo2199, a homolog of OsmC/Ohr family proteins, was decreased in the fri mutant. OsmC proteins are induced by ethanol and osmotic stresses [36] . Ohr proteins are induced by organic peroxide and are involved in organic hydroperoxide detoxification [36] . Thus, it is possible that Lmo2199 is involved in detoxification. A protein similar to component IIB of a mannose-specific phosphoenolpyruvate sugar phosphotransferase system (PTS), Lmo0783, was present in higher amounts in the fri mutant. In L. monocytogenes, upregulation of a mannose specific PTS system by osmotic stress has been reported [33] . The pyridoxine biosynthesis protein Pdx1 (Lmo2101) and a homolog of the general stress protein of Bacillus subtilis GSP26 which contains a pyridoxamine 5 0 -phosphate oxidase domain (Lmo2748), were induced in the fri mutant. Pyridoxine and vitamin B6 compounds are reactive oxygen species quenchers protecting against oxidative stress [37, 38] . Overexpression of these proteins in the fri mutant reinforces the hypothesis of their role against oxidative stress. Strikingly, RsbW, an anti-sigma B factor with a kinase activity whose substrate is the anti-anti-sigma factor RsbV, was undetectable in the wild-type strain but present in the fri mutant. Sigma B controls the general stress response. In B. subtilis, RsbW binds and inactivates sigma B during exponential growth. In stress conditions, RsbV is dephosphorylated and forms a complex with RsbW thus releasing sigma B [39, 40] . Interestingly a sigma B recognition sequence upstream the distal transcription start point of the ferritin gene had been identified in L. monocytogenes [8] and fri has recently been shown to be regulated by both sigma B and the hydrogen peroxide regulator PerR [31] . At present, how RsbW expression is modulated by Fri remains elusive.
LLO migrated as several spots in 2-DE, as previously reported [15] . One of the 3 spots corresponding to LLO was significantly under-expressed in the fri mutant, suggesting that ferritin plays a direct or indirect role on the production and/or stability of LLO. The decrease in LLO could contribute to the attenuation of the fri mutant strain in the mouse model of infection.
In conclusion, few studies were conducted to investigate the role of ferritins from pathogenic bacteria. Helicobacter pylori canonical ferritin has been reported to be necessary for colonization of gerbil stomach [41] . Dodecameric ferritin has been shown to contribute to survival of Porphyromonas gingivalis in HUVEC cells [26] . Salmonella enterica serovar Typhimurium Dps has been shown to contribute to survival in murine peritoneal macrophages and to virulence in mice [42] . It has been recently shown that L. monocytogenes Fri promotes intracellular multiplication in J774 macrophagelike cells [31] . The important role of L. monocytogenes ferritin in virulence most probably comes from a combination of its properties of iron storage, stress protection and regulation of virulence factors.
